Abstract-This paper presents a novel on-chip passive bandpass filter for millimeter-wave (MMW) applications that utilizes a pair of electrically-coupled thru-silicon vias (TSV). The presented TSV bandpass filter can be used in MMW applications such as radar, medical imaging, and communication. The TSV bandpass filter uses two TSVs to extend two electrically-coupled conductors into the silicon substrate in the z-direction instead of horizontally in the x-y plane. There is a metal layer on the bottom side of the silicon substrate that shorts the ends of the two TSVs to ground. Using TSVs in the bandpass filter design reduces the silicon area required to implement the filter compared to the silicon area required for the equivalent conventional filter in the above-silicon metal-dielectric interconnect stack. The operating performance of the bandpass filter is controlled at the design stage by choosing the separation distance between the TSVs. In this work, the two TSVs were 145 µm in height (z-direction) and 3 µm × 50 µm in the x-y plane. The long edges of the TSVs (50 µm long edges) faced each other to maximize capacitance coupling between the TSV pair. The TSVs were separated by a distance of 5 µm. Full-wave electromagnetic simulations of a TSV filter designed in an IBM SiGe technology that included TSVs show a minimum pass-band insertion loss of −3.9 dB at 77 GHz with a usable pass band from 75-85 GHz is possible. The simulated operating range of the TSV bandpass filter design presented in this paper show that it is well suited for automotive radar applications.
INTRODUCTION
MMW circuits and systems often require on-chip filters. Passive filters often take up large amounts of silicon area to deliver adequate circuit performance. This paper addresses on-chip MMW bandpass filter design. Several designs of on-chip integrated bandpass filters have been reported in the literature. The reported on-chip MMW bandpass filter designs strive to minimize filter size while maintaining adequate electrical performance. A folded loop resonator design is presented in [1] that reduces size and achieves acceptable bandpass performance. Computer-optimized on-chip bend elements have also been used to reduce size and improve filter performance [2] . At sub-millimeter wave frequencies, a bandpass filter design using on-chip spiral inductors and active CMOS devices for tuning has been reported [3] . In [4] , a novel compact bandpass design using high slow-wave factor waveguides using MIM capacitors greatly reduced size relative to a non slow wave approach. A novel on-chip balun bandpass filter design was presented in [5] based on a double parallel strip lines with an inserted conductor plane achieved high performance and size reduction. Excellent size and adequate performance results have been achieved in on-chip bandpass filter designs using MIM capacitors and lumped element spiral inductors at 77 GHz [6] . Size reductions have also been shown using capacitively loaded CPW resonators without MIM capacitors [7] . These previously reported bandpass filter design approaches optimized performance and size using elements commonly available in CMOS or BiCMOS technologies. MIM capacitors, CMOS device tuning elements, spiral inductors, capacitively loaded waveguides, folded resonators, and metal planes were all fabricated from available on-chip devices and wiring elements. Now, another on-chip element is available for use in MMW bandpass filter design: the TSV. TSVs have recently become available in some technologies for use in reducing system size by stacking chips or improving analog design performance through the use of TSV ground routing from a grounded metal plane on the bottom of a silicon die. TSVs offer inherent size reduction to MMW filter designs by making use of the z-direction on-chip. This paper presents the concept of using TSVs in MMW bandpass filter designs. TSVs do not require a large on-chip area footprint in the top-side of the chip because they extend deep into the silicon. The bandpass filter described here is intended for MMW circuits and the operation range explored for two different TSV filter designs is between 65-85 GHz. This frequency can be tuned by changing the dimensions of the coupled TSV geometry, for example, by making the coupled TSVs farther apart or wider. It is desirable to be able to design different TSV bandpass filters that include the 60 GHz frequency node for electronic wireless communication applications such as short distance HD TV home broadcasting, the 77 GHz frequency node for automobile collision avoidance radar applications, and the 94 GHz frequency node for medical imaging applications. In this work, we demonstrate a TSV bandpass filter which includes the 77 GHz frequency node.
TSV MMW BANDPASS FILTER STRUCTURE
The design of a 77 GHz TSV bandpass filter is shown in Figure 1 . The filter design is entirely passive. It is designed in an IBM SiGe BiCMOS technology enabled with TSVs. The TSVs in this technology are 145 µm in height and measure 50 µm by 3 µm in the x-y plane of the silicon surface. In conventional applications, often multiple TSVs are used together to form a single connection between the top and bottom sides of the silicon die. For this technology, there is no patterning of the metal on the bottom side of the silicon and the entire bottom side of the silicon is metallized and connected to system ground. In Figure 1 , the two TSVs can be seen to be attached to a large grounded metal plane on the bottom side of the silicon. Also, it can be seen in Figure 1 , that only two TSVs are used to construct the bandpass filter. It may also be possible to construct TSV bandpass filters which make use of more than two TSVs. However, as a proof of concept, the simplest configuration was used in this design. On the top-side of the silicon substrate, conventional x-y plane metallization is used to route signals to and from the two coupled TSV. For this design, the conventional top-side metal routing is the same width as the TSVs: 50 µm. The conventionally routed metal is capacitively coupled to the input and output of the filter across gaps as shown in Figure 1 . The metal layer used for top-side routing is a 4 µm thick aluminum layer, and the thick metal layer allows good capacitive coupling across the input and output gaps. The gaps are located a distance L T OP from the TSVs, and the separation distance between the TSVs is 5 µm. Notice that the signal routing on the top-side of the silicon is straight and does not include any additional capacitive loading such as MIM capacitors or slow wave structures. The purpose here was not to try to produce the smallest possible TSV bandpass filter design, but to show that TSVs can be used in MMW bandpass filter designs. It is expected that additional reductions in size is possible through the use of slow wave structures on the front-side of the silicon surface. Figure 2 shows an equivalent circuit schematic representing the coupled TSV bandpass filter design. It shows the relevant electrical elements that are present. The capacitance of the gaps in the top-side metal at the input and output of the filter is depicted as C gap and it is controlled by the spacing and width of the gap, but since the width is picked to be equal to the TSV width, the spacing is the only free design parameter. The parasitic resistance, capacitance and inductance of the top-side metal routing are depicted by the R f ront , L f ront , and C f ront circuit elements. The values of these elements are controlled by the length of the metal routing, L top , and the width of the metal routing, which is fixed at 50 µm here. The capacitance between the TSVs is controlled by the width, height, and separation of the TSVs. In this technology, the height and the width of the TSVs is fixed at 145 µm and 50 µm respectively. The separation distance of the TSV is the only design parameter relative to the TSVs that can be controlled in this design. For this work, the TSV separation distance was chosen to be 5 µm based on HFSS simulations that showed it to be well suited to the frequency ranges of interest. The resistance, capacitance, and inductance of each TSV are shown in Figure 2 as the R T SV , C T SV , and L T SV circuit elements. The values of these elements are controlled by the dimensions of the TSVs which are not controllable in this design. Note also that there is capacitive and inductive coupling, CM T SV and M T SV , between the TSVs that is controlled based on the separation distance between the TSVs. The result of HFSS simulations of the electrical performance of two TSV bandpass filter designs is shown in Figure 3 and Figure 4 . The only difference in the designs simulated is the length of the top-side metal interconnect used to route the signal to and from the TSVs. Figure 3 shows the HFSS results when L top = 150 µm and Figure 4 shows the HFSS results when L top = 200 µm. Figure 3 shows a minimum insertion loss of 3.9 dB at 77 GHz with a usable 10 GHz passband from 75 GHz to 85 GHz. Here a usable frequency is considered to be one with an insertion loss less than 5 dB (S 12 above the horizontal dashed line) and a return loss better than −15 dB. Figure 4 shows a minimum insertion loss of 4 dB at 68 GHz with a 10 GHz passband from 65 GHz to 75 GHz. These HFSS results show the TSV bandpass filter design can be practically used in on-chip MMW designs. The two TSV bandpass filter designs simulated had silicon footprints of ∼ (300×50 µm 2 ) and (400×50 µm 2 ) respectively. When compared with the size of two other previously reported bandpass filter designs in a similar frequency range (650 × 670 µm 2 for 70 GHz) [1] and (110 × 60 µm 2 for 77 GHz) [7] , it is seen that these two TSV designs have a size somewhere between the two previously reported designs. However, when compared to the smaller previously reported design [7] , the HFSS results of the 77 GHz TSV bandpass filter design shows better insertions loss performance: 3.9 dB compared to 6.5 dB. Also, as mentioned, no effort was made in the TSV designs to reduce to dimensions of the top-side interconnect with, for example, slow wave structures, multiple metal layers, or serpentine metal routing. The size and electrical performance of the TSV bandpass filter design presented here is compares favorably against the previously reported approaches in either size or electrical performance. This is an excellent result considering that no attempts have been made to optimize the structure for either size or electrical performance. These designs were chosen for simplicity and to prove the concept of using TSVs in MMW bandpass filter designs. Future work should focus on design optimization. The performance presented here shows that TSVs can be practically used in MMW bandpass filter designs.
CONCLUSION
A TSV MMW bandpass filter design was presented in this paper that makes use of the z-direction on-chip to reduce overall bandpass filter size. The area requirements of the non-optimized 77 GHz TSV bandpass filter design presented was shown to be competitive with optimized bandpass filter designs presented previously. By optimizing the top-side metal of these TSV bandpass filter designs, the total filter size should be able to be greatly reduced. HFSS simulations of two TSV bandpass filter designs show that TSVs can practically be incorporated as design elements in on-chip MMW systems. The 77 GHz TSV bandpass design had a simulated insertion loss of 3.9 dB at 77GHz with a 10 GHz passband from 75 GHz to 85 GHz. The HFSS results of the TSV filters presented show that TSVs offer great promise and design flexibility for future high-performance MMW applications.
